), moderate B and L acid sites, and the highest ratios of Mo 4+ /Mo (58%) and NiMoS/NiT (64%).
Introduction
Environment problems caused by vehicle emissions are serious and have attracted much worldwide attention. Sulfurcontaining compounds derived from transportation fuels actually produce SO x aer fuel combustion and lead to acid rain and PM2.5 particles that cause respiratory diseases. Therefore, sulfur is one of the pollutants in fuels that should be removed. Moreover, the sulfur content in diesel and gasoline needs to meet strict fuel specications with S content lower than 10 ppm.
1 However, it is a great challenge to achieve ultra-deep desulfurization due to the increasingly heavy quality of crude oil. Fortunately, hydrodesulfurization (HDS) technology with catalysts is still one of the most effective approaches to produce highly clean products with a low sulfur content.
2 Therefore, the preparation of a catalyst with superior performance is essential for the removal of sulfur from many materials.
Supports are one of the crucial components of catalysts that can provide a platform and accelerate the dispersion of the metal components. 3, 4 The conventional Al 2 O 3 carriers are widely used in the industrial hydrogenation of fuel oil and exhibits outstanding mechanical strength and hydrothermal stability. Nevertheless, its promiscuous pore structure and the lack of B acid sites are detrimental to the HDS reaction. Thus, aluminosilicate zeolites, such as ZSM-5, beta and Y, are considered as supports in the HDS process due to their high hydrothermal stability, favourable isomerization properties and particularly abundant B acid sites.
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Wu and co-workers prepared a series of metal cationfunctionalized M + -ZSM-5 (M + ¼ H + , Al 3+ , Ca 2+ and Ba
2+
) materials and the characterization results showed that H + -ZSM-5
possessed the most accessible acid sites. 6 The B acids were derived from the bridge hydroxyl groups, which connected with Al and Si atoms, and the varying ratios of B acids to L acids coincided well with the different amounts and types of metal cations.
Nevertheless, the low pore sizes of ZSM-5 are unfavorable for their wide application in the HDS process since a great number of larger reactant molecules is involved in the reaction systems. In order to compensate for the deciency of microporous zeolites, mesoporous silica materials have generated much interest in the catalysis eld due to their extraordinary mass transfer capabilities.
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Huirache-Acuña and Cao investigated the catalytic properties of NiMoW/Al-HMS and NiMo/TiFDU-12, and both of them displayed ideal removal efficiencies of dibenzothiophene (DBT), which were attributed to the larger pore sizes and higher specic areas of the supports, as well as the average dispersion of sulfurized metal phases. 10, 11 Furthermore, NiMo/TiFDU-12 with a suitable B acid content performed better than NiMo/ FDU-12 in the HDS reactivity.
Several researchers have focused on the preparation of micro-mesoporous composite materials due to the low crystallinity, inferior hydrothermal stability and poor acidity of mesoporous silica materials. Moreover, they applied these materials in various catalytic processes, and signicant results were obtained under certain conditions. [12] [13] [14] [15] [16] [17] [18] [19] Gao prepared a novel hierarchical pore material and corresponding catalyst Pt/ZSM-5-SBA-15, which possessed a porous structure and high dispersion of Pt. Thus, it showed higher hydrogenation activity than the Pt/ZSM-5 and Pt/SBA-15 separately. 13 Wu successfully synthesized a NiMo/ZSM-5-KIT-6 catalyst that revealed excellent 4,6-DMDBT HDS behavior, and the corresponding desulfurization rate is double as the conventional NiMo/Al 2 O 3 catalyst. The outstanding catalytic behavior of NiMo/ZK-W was derived from the synergistic contribution of the hierarchical porous structure, which eliminated diffusion hindrances. The moderate Brönsted acid sites provided by ZSM-5 facilitated the isomerization of 4,6-DMDBT in the HYD desulfurization route and displayed an excellent hydrothermal stability, which prolonged the lifetime of the catalyst.
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For the HDS process, micro-mesoporous materials served as excellent supports that possessed not only good physical properties but also Lewis (L) and Brönsted (B) acid sites. The B acid sites can effectively favor the cleavages of C-S bonds, which dominate the rate of HDS. In addition, appropriate additives of Al species can prevent the active centers from agglomerating by modulating the interactions between supports and active metals, which nally facilitates the sulfurization of active components and improves the HDS efficiencies of the corresponding catalysts. 10, 11, [19] [20] [21] The mesoporous silica material FDU-12, with a face-centered cubic (Fm3m) structure, has been widely used as a catalyst carrier in biotechnology, adsorption, immobilization and separation processes due to its high surface area and wellordered pore channels with a long range. [22] [23] [24] [25] Generally speaking, a three-dimensional interlaced channel could efficiently diminish the hindrance to diffusion in comparison with the two-dimensional straight channel with similar pore sizes. In addition, FDU-12 possesses a larger cage pore size and easily tailored pore entrance size (4-9 nm), which are signicant for the mass transfer of reactants and products.
In this research, ZSM-5-FDU-12-x (ZF-x) materials combined with an MFI topological structure and an Fm3m cage-like channel structure were successfully synthesized via an in situ nano-assembling method by employing a ZSM-5 precursor as a source of silicon. The molar ratios of SiO 2 /Al 2 O 3 in ZF-x were controlled by adjusting the various amounts of ZSM-5 in the colloidal solution. Then, the corresponding catalysts were prepared by two-step incipient-wetness impregnation procedures and their HDS performances of DBT were evaluated under certain conditions. The properties of the materials and the sulfurized catalysts were characterized by different techniques. The results conrmed that ZF-x samples possessed a large pore diameter, high specic surface area and tunable acid sites. Prominent physical chemistry properties actually made it effective to disperse molybdenum species and develop MoS 2 and NiMoS active component phases, which were conducive to improve the HDS reactions. Moreover, the effects of SiO 2 /Al 2 O 3 ratios on the DBT HDS efficiency were explored. Then, the optimal ratio of SiO 2 /Al 2 O 3 was determined, along with the characterization of these materials to rationalize the experimental observations.
Experimental and characterization

Synthesis of the materials
The micro-mesoporous materials ZF-x (x ¼ SiO 2 /Al 2 O 3 ) with different molar ratios of SiO 2 /Al 2 O 3 were prepared by an in situ nano-assembly method. First, a ZSM-5 zeolite precursor solution was synthesized with a molar ratio of 1Al 2 Zeolite ZSM-5 with high crystallinity was prepared by the same method mentioned above by extending the crystallization time to 48 h and was taken as a reference.
The pure mesoporous material FDU-12 was obtained under a bath temperature of 293 K, as described in the literature. 22 
Preparation of the catalysts
H-ZSM-5 and H-ZF-x were pretreated twice by ammonium exchange with the mass ratio of 1 support : 3NH 4 Cl : 30H 2 O, and the catalysts NiMo/ZSM-5 and NiMo/ZF-x were prepared stepwise via a two-step incipient wetness method with aqueous solutions of ((NH 4 ) 6 Mo 7 O 24 $4H 2 O) and (Ni(NO 3 ) 2 $6H 2 O). The samples were ltrated, washed, dried and calcined at 823 K for 6 h aer each ammonium exchange and impregnation. NiMo/ FDU-12 was prepared in the same manner with the previously mentioned steps without ammonia exchange, and all catalysts contained 10 wt% MoO 3 and 3.5 wt% NiO.
Characterization
Wide angle (2q ¼ 5-50
) and low angle (2q ¼ 0.4-5 ) X-ray diffraction (XRD) data were measured on the Bruker D8 advance system with Cu Ka radiation at 40 kV and 50 mA, and scan speeds of 1 min À1 and 2.4 min À1 .
The physicochemical properties of materials and catalysts were acquired with the Micromeritics TriStar II 3020 porosimetry analyzer at 77 K. The samples were outgassed at 350 C for 4 h in a vacuum environment before being adsorbed by N 2 . The specic surface areas and pore size distributions were calculated using the Brunauer-Emmett-Teller (BET) method and Barrett-Joyner-Halenda (BJH) method with an adsorption branch. Transmission electron microscopy (TEM) images were taken on a JEOL JEM 2100 instrument with an accelerating voltage of 200 kV to obtain the channel structure of supports.
The morphologies of samples were obtained by emission scanning electron microscopy (SEM) on a Quanta 200F instrument under an acceleration voltage of 20 kV.
UV-Vis diffuse reectance spectroscopy (UV-Vis DRS) results were collected using a Hitachi U-4100 device at the wavelength range from 200 nm to 800 nm with the integration sphere diffuse reectance attachment.
Raman spectra with wavenumbers of 1200-200 cm À1 were collected on a Renishaw Raman InVia Microscope (SpectraPhysics model 163) with a spectral resolution of 2 cm À1 . A He/ Cd laser line of 325 nm was employed as the excitation source with an output of 20 mW, and the laser spot size was approximately 1-2 mm with a power of 3.6 mW. Fourier transform infrared (FTIR) absorbance spectra were recorded using a FTS-3000 spectrophotometer to obtain information on the acid strength and content of the catalysts. The catalysts were dehydrated at 500 C for 5 h under vacuum before being adsorbed by puried pyridine vapor. B and L acid sites could be distinguished according to different outgassing temperatures, and the total acid content was calculated by
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X-ray photoelectron spectroscopy (XPS) examination of the sulfurized catalysts was performed on a Perkin Elmer PHI-1600 ESCA spectrometer using Al Ka radiation (40 eV, <10-9 mbar). The sulfurized catalysts were le in a cyclohexane solution to prevent oxidation and pressed into a ake shape. 
Catalytic activity
where S f and S p are dened as the sulfur contents of the feed and products, respectively. and 20-25 ( Fig. 1(A) ), which were attributed to the MFI topological structure in the ZSM-5 zeolite. However, the intervallic intensity contrast of peaks between ZF-x materials and ZSM-5 zeolite was derived from the incorporated ZSM-5 seeds, which consisted of only primary and secondary structural units instead of the nished ZSM-5 zeolite. 13, 27 It was found that the intensities of the characteristic peaks at 8-10 and 20-25 gradually decreased with the diminution of the ZSM-5 precursor. Fortunately, the discernible peaks indexed as (111), (220), (311), (331) and (442) reections of the Fm3m structure could be clearly distinguished as the response of the ZF-130 sample (Fig. 1(B) inset) . 22 Moreover, all ZF-x composites showed clear and typical signals as the pure mesoporous silica sample FDU-12 at 0.4-2 in Fig. 1(B) , indicating that the ZF-x samples had the same face-centered cubic texture (Fm3m), highly ordered symmetry and regular mesoporous structure aer the incorporation of the ZSM-5 seed into the framework of FDU-12.
Results and discussion
3.1.2 FTIR of the materials. FTIR is a reliable method to measure the conguration and conformation of target atoms in materials (Fig. 2) were observed in the composite material ZF-130, which were consistent with those in the ZSM-5 zeolite. 29 The abovementioned peak-shis occurring in ZF-130 compared to FDU-12 were caused by the incorporation of ZSM-5 seeds into the wall of the composite material and consequently changed the skeleton phases. The coordination states of Si-O-Si over the composite ZF-130 were the same as the ZSM-5 rather than the FDU-12, which conrmed that the frameworks of the composite material ZF-130 were formed by the ZSM-5 precursors. Similar to the ZSM-5 zeolite, the sample ZF-130 gave rise to the representative signal but with a lower intensity at 547 cm À1 , which was attributed to the bending vibration of ve-membered rings of T-O-T (T ¼ Si or Al) in the MFI topological structure. 28 Apparently, the peak at 547 cm À1 did not exist in the pure mesoporous material FDU-12, which further illustrates the structural modication of the framework in the composite ZF-130 relative to the FDU-12 sample. In particular, the band observed at 958 cm
À1
could be ascribed to the asymmetric stretching mode of silicon hydroxyl groups on the surfaces of the support. 3.1.3 SEM of the materials. The morphologies of pure silica FDU-12 and the composite material ZF-130 with a certain content of ZSM-5 seeds were examined using eld emission scanning electron microscopy (SEM). As shown in Fig. 3 , the calcined sample ZF-130 revealed amorphous polyhedral shapes instead of regular discrete hexagonal prisms presented in FDU-12, and the scattered particles with an ellipsoid appearance also were observed for the ZSM-5 zeolite. In general, the Na + cation has a more remarkable ability to dehydrate the methyl group on PEO and particularly the PPO segments of amphipathic polymer F127 than K + due to their different ionic radius and polarization capabilities under their equal charges, which induces a stronger hydrophobic ability of F127, following easier assembly of micelles. 30, 31 Clearly, the critical micelle temperature (CMT) and critical micelle temperature concentration (CMC) of segmented copolymer F127 becomes lower. Then, the micelles tend to transform into other shapes due to both hydration and saltingout effects of Na + . 32 As a result, irregular morphologies of ZF-130 are observed (Fig. 3(C) ). Furthermore, the micro-mesoporous material of ZF-130 shows a rougher solid surface than the pure FDU-12 aer the incorporation of ZSM-5 precursors. Fortunately, there are no isolated ZSM-5 crystals in the SEM images. Therefore, it can be concluded that the frameworks of ZF-x micro-mesoporous materials were constructed by the primary and second units of ZSM-5, rather than by mechanical mixing of the silica-based mesoporous materials and ZSM-5 crystals.
3.1.4 Nitrogen physisorption of the materials and catalysts. Fig. 4(A) shows the N 2 adsorption-desorption isotherm patterns of zeolite ZSM-5, mesoporous silica FDU-12 and micromesoporous materials of ZF-x with various ratios of SiO 2 / Al 2 O 3 , and the corresponding pore diameter distribution curves are shown in Fig. 4(B) . All ZF-x samples exhibit the same classic H2, type-IV hysteresis loop like the mesoporous material FDU-12, which possesses a cage-like mesoporous texture with multiple necks. 33 Moreover, the sharp changes in the N 2 adsorption observed for all materials at the relative P/P o ranges from 0.8 to 0.85 and from 0.45 to 0.5 signify the existence of unied cavities and necks. Moreover, the corresponding steep positions are actually determined by the diameters of the cavities and windows according to capillary condensation theory.
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Therefore, the various jump positions located in the adsorption and desorption branches, mean their different pore sizes of cage and entrance. Moreover, all pore size distribution curves that originate from the adsorption branches are shown in Fig. 4(B) . The concentrated pore distributions also demonstrate that ZF-x materials possess a regular and long-range, wellordered pore structure, which agree with XRD and TEM results. Moreover, the particular structural parameters of the supports and catalysts are displayed in Table 1 . All composite materials of ZF-x have relatively few smaller pore sizes than the pure silica sample of FDU-12 (17.3 nm). It is noteworthy that the pore sizes of ZF-x spontaneously decrease along with increasing amounts of the ZSM-5 nanocrystal, indicating that the wall of the hole was thicker due to the incorporation of ZSM-5 textural units into the framework. Fig. 5(A) ), which is correlated to their typical peaks of low angle XRD spectra with the same peak position but different intensities. Regular crystal lattices over a large area derived from the (110), (100) and (211) directions are also visible in Fig. 5 . However, to some extent, the slightly impaired mesoporous structure over narrow regions was inevitable as observed in the white rectangle of Fig. 5 (E) and (F). It can essentially be interpreted as the incorporation of excessive ZSM-5 precursors into the framework of mesoporous silica, although it was difficult to distinguish the MFI topology phase by TEM technique. In addition, the ink bottle-type pore structure in the ZF-130 was coincident with the results from the N 2 adsorption-desorption isotherm patterns. Nevertheless, the negligible deviation of the pore sizes evaluated by the TEM (estimated about 15 nm as Fig. 5 (B) inset) and BJH method (15.3 Table 1 The structural parameters of the synthesized materials and the corresponding catalysts e Mesopore diameter was calculated using BJH method. nm) derived from the image contrast showed that there was no exact agreement between the white disk and pore diameter because of the thick stack of the samples. 3.1.6 Py-IR of the materials. Pyridine is usually adopted as the probe molecule to investigate the amount of acidic sites because of its characteristic interaction with different types of acid sites. 37 Fig . 6 displays the pyridine IR spectra of catalysts on absorbing pyridine aer desorbing at 200 C and 300 C. As shown in Fig. 6(A . 40 Moreover, the characteristic band positions primarily depended on the coordination environments of Mo components. Specically, the bands recorded at about 260-285 nm were ascribed to the isolated tetrahedral molybdate, while the higher wavelength bands (290-335 nm) coincided with the octahedrally-coordinated Mo oxide species. 41 All catalysts displayed characteristic peaks of two types of coordinated Mo species in the wavelength range of 260-335 nm and the secondary peak centered on 225 nm, which was the integrated result of both tetrahedral and octahedral molybdate species. The strength and width of the typical peaks observed in various samples slightly changed with different amounts of Al additives, whereas the relatively higher ratio of Mo (Oh) species still remained over the detected catalysts, which facilitated the formation of easily reduced sulfur vacancies and consequently resulted in excellent hydrodesulfurization efficiencies.
3.1.8 Raman spectra of the catalysts. UV Raman technique, because of its high detection sensitivity, is oen applied in investigating the coordination symmetry of frameworks in materials and the phase state of active metal oxides. Fig. 8 shows the Raman spectra (325 nm) of the series of oxidized NiMo/ZF-x catalysts. The catalyst NiMo/FDU-12 exhibited the typical vibrations of chemical bonds at 494 cm À1 , 837 cm À1 , 947 cm À1 and 951 cm À1 (Fig. 8 inset) . Accordingly, the signals detected at 494 cm À1 and 837 cm À1 were assigned to the tetrahedral structure vibration of O 3 SiOH and the symmetric stretch 
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However, the single typical peak at 951 cm À1 could be distinctly observed in all NiMo supported aluminosilicate catalysts in Fig. 8 , indicating that the hydroxyl groups of composite materials might be decorated to be Si-O-Al linked phases due to the incorporation of Al into the framework (FT-IR results in Fig. 2) . Simultaneously, the wide characteristic peaks at 951 cm
À1
conrmed the presence of a favorable dispersion of Mo 7 O 24
6À
on the NiMo/FDU-12 and NiMo/ZF-x catalysts. In general, it was easier to sulfurize Mo 7 O 24 6À species due to their relatively weak interactions with supports, which appreciably favored the improvement of the degree of sulfurization of Mo species.
47,48
The peak at 829 cm , supporting the intensive chemical effects between Mo species and microporous ZSM-5 zeolite. 50 The typical peak situated at 897 cm À1 was clearly observed in NiMo/ZF-150, but absent in NiMo/ZF-130, was ascribed to the interaction of tetrahedral Mo species, which was inactive for HDS. 47, 51 Overall, the characteristic Raman spectra of NiMo/ZF-130 were distinct from those of NiMo/ZSM-5 and NiMo/FDU-12. Moreover, it can be deduced that NiMo/ZF-130, with the higher ratio of Mo 7 Fig. 9 and For the sulfurized catalysts, the Ni 2p XPS spectral curves were caused by the NiS, NiO and NiMoS species. 53 Moreover, the Ni 2p XPS spectra of the catalysts NiMo/FDU-12 and NiMo/ZF-x are shown in Fig. 10 . All Ni 2p envelopes disintegrated into three tted curves located at BE 873.6 AE 0.1 eV, 862.2 AE 0.1 eV and 855.8 AE 0.1 eV, which could be ascribed to NiS (2p 1/2 ), NiO and NiMoS phases, respectively. 54, 55 In addition, the detailed information of various Ni species is summarized in Table 4 . The ratio of NiMoS/Ni total followed the order NiMo/ZF-130 > NiMo/ZF-150 > NiMo/ZF-110 > NiMo/FDU-12. Compared to NiO and NiS, NiMoS phases were preferable and more capable of driving the HDS reaction. The lowest ratio of NiMoS/Ni total , but the largest value of NiO and NiS, could be obtained in the NiMo/FDU-12 catalyst due to the lack of ZSM-5 structural units according to the FT-IR analysis. And the highest ratio of NiMoS/Ni total observed in the NiMo/ZF-130, which corresponds well to its excellent physicochemical properties, can achieve to 64%.
Catalytic performance of the catalysts
It is extremely important to remove the heterocyclic sulfur compound DBT contained in diesel in order to produce ultra clean fuel. Hence, DBT served as the probe molecule and was used in evaluating the HDS efficiencies of catalysts over different carriers of FDU-12 and ZF-x. All catalysts exhibited higher HDS efficiencies than the pure mesoporous catalyst NiMo/FDU-12 as shown in Fig. 11 . The approximate trend was NiMo/ZF-130 > NiMo/ZF-110 > NiMo/ZF-150 > NiMo/ZF-90 > NiMo/ZF-70 > NiMo/FDU-12, and the HDS efficiencies of all catalysts gradually decreased with an increase in WHSV, which was detrimental to the reaction time. The catalyst NiMo/ZF-130 displayed a higher specic surface area and lager pore sizes. The former high specic surface area was achieved by a suitable dispersion of Mo species. The larger pore sizes decreased the diffusion resistance of DBT. Moreover, the highest HDS ratio was observed in the NiMo/ZF-130 with a WHSV range from 20 h À1 to 120 h À1 rather than in the other composite catalysts of NiMo/ZF-x. The catalyst NiMo/ZF-130 showed higher HDS efficiencies than NiMo/C-MA in the range of 20 h À1 to 100 h À1 due to their differences in physical and chemical properties. The absence of B acid sites in the catalyst NiMo/C-MA made it difficult to break the C-S bond in the heterocyclic sulphides, and the narrower pore channels increased the diffusion resistance of the larger-sized reactants; hence, NiMo/C-MA could not achieve the desired HDS performance. 56 The catalyst NiMo/ FDU-12 possessed the largest supercial area and pore volume, which could afford an excellent platform for the dispersion of active metal species and eliminate the mass transfer resistance of DBT, respectively. However, the catalyst NiMo/FDU-12 displayed the lowest performance for the HDS reaction.
Actually, not only physical properties, but also the acidity (B + L) and the Al species in the catalysts had synergetic effects on the HDS reaction. The L acid sites favored the hydrogenation of DBT on the surface of the catalysts. Moreover, the B acid sites accelerated the breakage of the C-S bond in the DBT, which determined the rates of HDS in both DDS (direct desulphurization) and HYD (hydrogenation) reaction processes. As for the absence of B acid sites, it is resonable that catalyst NiMo/FDU-12 has the lowest removal rate of DBT under the uniform reaction conditions. However, the excessive B acid sites were inclined to induce carbon depositions in the catalysts, which covered the active metal sites and prevented them from making 
Conclusions
The hierarchical, porous composites of ZF-x with various ratios of SiO 2 /Al 2 O 3 were successfully synthesized according to an in situ, nano-assembly method using ZSM-5 microporous crystals as the source of silica. Wide-angle XRD spectra conrmed that a MFI topological structure was present in the ZF-x samples. Especially, the analysis of FTIR showed the typical vibration of ve-membered rings of T-O-T (T ¼ Al or Si), and the pyridine IR results supported the existence of certain B acid sites. Moreover, solid particles of ZSM-5 crystallographic seeds were not observed in the SEM images, illustrating that ZSM-5 structural units were chemically incorporated into the framework of carriers of ZF-x rather than in the mechanical mixing. Moreover, nitrogen physisorption analysis showed that micro-mesoporous materials of ZF-x not only had a Fm3m structure similar to that of the pure mesoporous silica FDU-12, but the corresponding catalysts and symmetrical crystal lattices with a long-range still remained in the ZF-130 composite, as shown in the TEM images. The Raman spectral peaks showed that there was no View Article Online
